Introduction {#section5-1758835920922034}
============

Hepatocellular carcinoma (HCC) is one of the most frequent human cancers in the world with a high mortality rate, killing 500,000--600,000 people every year.^[@bibr1-1758835920922034][@bibr2-1758835920922034]--[@bibr3-1758835920922034]^ Multiple therapeutic approaches have been developed for the treatment of HCC, including surgical resection, liver transplantation, and many nonsurgical therapeutic options, such as radiofrequency ablation, transcatheter arterial chemoembolization, systemic chemotherapy, and targeted therapy.^[@bibr4-1758835920922034][@bibr5-1758835920922034]--[@bibr6-1758835920922034]^ However, these treatments exhibit limited survival benefit. HCC displays high recurrence rates after surgical treatments as well as high resistance to commonly used chemotherapeutic and targeted drugs, leading to poor patient survival.^[@bibr7-1758835920922034][@bibr8-1758835920922034]--[@bibr9-1758835920922034]^ Therefore, it is urgently needed to develop a novel, effective, and safe therapeutic strategy for patients with HCC.

Dendritic cells (DC) are the most potent antigen-presenting cells in the human immune system.^[@bibr10-1758835920922034][@bibr11-1758835920922034]--[@bibr12-1758835920922034]^ In the immature state, DC are present in the blood and tissues where they sample antigens derived from virally infected, tumorigenic, or foreign cells. Upon uptake of presentable antigens, DC undergo maturation and antigen processing and migrate to lymph nodes where they present antigens to and activate T cells (including the helper and cytotoxic T cells) and produce interleukin 12 (IL-12) to promote T cell proliferation, triggering the antigen-specific immune responses to destroy target cells. Based on these characteristics, DC-based immunotherapy, which stimulates tumor-specific immune responses, has emerged as a promising treatment strategy for HCC.^[@bibr13-1758835920922034],[@bibr14-1758835920922034]^ Several clinical trials have been carried out to evaluate the efficacy of a DC-based vaccine to treat HCC patients, for example, DC pulsed with whole protein lysates of autologous human tumor cells or human hepatoma cell line HepG2 cells, as well as with peptides derived from known tumor antigens such as α-fetoprotein and glypican-3.^[@bibr15-1758835920922034][@bibr16-1758835920922034][@bibr17-1758835920922034]--[@bibr18-1758835920922034]^ Collectively, these clinical trials demonstrate that a DC-based vaccine is safe and promising in the treatment of HCC patients. However, the overall results of current DC vaccination do not yet generate a significant improvement in clinical outcomes. Therefore, new strategies are needed to increase the effectiveness of DC vaccine-induced immune responses to HCC.

During anti-tumor immune responses, tumor cells may weaken the cytotoxic T cell attack through several regulatory mechanisms, which are called "immune checkpoints," to suppress T cell activation, resulting in immune escape or immune tolerance within the tumor microenvironment.^[@bibr19-1758835920922034][@bibr20-1758835920922034]--[@bibr21-1758835920922034]^ Among these regulatory mechanisms, programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) are the most well-studied receptor and ligand expressed on T cells and tumor cells, respectively; the binding of PD-1 to PD-L1 leads to the inhibition of T cell immune responses.^[@bibr22-1758835920922034][@bibr23-1758835920922034]--[@bibr24-1758835920922034]^ As a result, PD-1/PD-L1 monoclonal antibodies, which can block PD-1/PD-L1 from interacting with each other, have been developed as immune checkpoint inhibitors for use in cancer treatment to remove the "brake" on the immune system and restore the ability of T cells to attack tumor cells.^[@bibr25-1758835920922034][@bibr26-1758835920922034]--[@bibr27-1758835920922034]^ Many clinical trials are currently ongoing to evaluate the safety and efficacy of PD-1/PD-L1 monoclonal antibodies in the treatment of HCC patients.^[@bibr28-1758835920922034],[@bibr29-1758835920922034]^ Inspiringly, the preliminary results of the trials show that PD-1/PD-L1 immune checkpoint blockade appears to be a promising immunotherapy against HCC.^[@bibr30-1758835920922034]^

For these reasons, in this study, we aim to develop a therapeutic strategy combining DC-based vaccine and PD-L1 immune checkpoint inhibitor for the treatment of HCC and evaluate its efficacy in an orthotopic HCC mouse model.

Methods {#section6-1758835920922034}
=======

Establishment of the orthotopic HCC mouse model {#section7-1758835920922034}
-----------------------------------------------

The orthotopic HCC mouse model was established as described.^[@bibr31-1758835920922034]^ Briefly, 8-week-old immune-competent C57BL/6J male mice (median weight, 25 g; range, 23--28) were purchased from National Laboratory Animal Center (Taipei, Taiwan) and were anesthetized with isoflurane and subjected to midline laparotomy. 2 × 10^6^ of the mouse hepatoma Hep-55.1C cells, which were purchased from Cell Lines Service (Eppelheim, Germany) and maintained in DMEM medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1 × penicillin/streptomycin (P/S; Invitrogen), were directly injected into the left liver lobe of mice. Following hemostasis, the abdomen was closed in two layers. After surgery, the overall survival of mice was followed and the mice tumor burden was recorded when mice died. All animals were housed in individually ventilated cages containing corncob bedding in the animal room of the China Medical University (Taichung, Taiwan) at a constant temperature of 22 ± 1°C and a fixed 12-hour light-dark cycle under specific pathogen-free conditions. All animal experiments were performed under the approval of the Institutional Animal Care and Use Committee of the China Medical University (Approval No: 2016-360 and 2017-330) in accordance with relevant guidelines and regulations.

Measurement of tumor volume and histopathology {#section8-1758835920922034}
----------------------------------------------

When mice died, the body weight was recorded and the liver was isolated for imaging. The tumor volume was calculated according to the equation V = 1/2 (L × W^2^), where V is the tumor volume, L the length, and W the width, and was expressed as a ratio of tumor volume to body weight for comparison among mice. To evaluate tumor histopathology, the formalin-fixed and paraffin-embedded liver tissues were sectioned into 4 μm thick for hematoxylin and eosin (H&E) staining.

Generation of the HCC cell lysate-pulsed mature DC (mDC) {#section9-1758835920922034}
--------------------------------------------------------

In this study, the DC were derived from mouse bone marrow. First, bone marrow was obtained from femurs and tibias of 6-week-old C57BL/6J mice and was digested with collagenase, depleted of red blood cells, passed through a 100-μm filter, and then centrifuged to collect a cell pellet. Next, the cell pellet was resuspended and cultured at a density of 2 × 10^5^ cells/ml for 6 days in RPMI-1640 medium (Invitrogen) supplemented with 10% FBS (Gibco), 1 × P/S (Invitrogen), 1 × minimum essential medium non-essential amino acids (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 100 ng/ml of human granulocyte macrophage colony-stimulating factor (GM-CSF; Sino Biological Inc., Beijing, China), and 10 ng/ml of interleukin (IL)-4 (Sino Biological Inc.) at 37°C in a humidified 5% CO~2~ atmosphere. The culture medium and cytokines were refreshed on day 3 of culture. On day 6, the immature DC (iDC) were harvested from the non-adherent and loosely adherent cells in the culture. To generate the mDC, the iDC were next cultured at a density of 1 × 10^6^ cells/ml in the previous medium with the addition of 1 mg of freeze-thaw Hep-55.1C tumor cell lysate for 30 min, followed by the addition of 50 ng/ml of lipopolysaccharide (LPS; Sigma, Louis, MO, USA) for another day. On day 7, all the cultured cells were collected as the mDC and used as the DC vaccine.

Flow cytometry analysis of DC phenotypes {#section10-1758835920922034}
----------------------------------------

The iDC and mDC were washed with phosphate-buffered saline (PBS), aliquoted into fractions (5 × 10^5^ cells/100 μl), and then stained for 30 min in the dark at room temperature with a final concentration of 5 μg/ml of the following antibodies purchased from BD Biosciences (San Jose, CA, USA): fluorescein isothiocyanate (FITC)-conjugated anti-CD11c (553801), FITC-conjugated anti-CD40 (553790), FITC-conjugated anti-CD80 (553768), and FITC-conjugated anti-CD86 (553691). As for the negative or no-antibody control, the cells were also stained with corresponding FITC-conjugated isotype-matched control antibodies or remained unstained. After staining, the cells were washed with PBS twice and analyzed by a BD LSRII flow cytometer (BD Biosciences). Data analysis was performed using FlowJo software (Tree Star, San Carlos, CA, USA). The cells positive for FITC-CD11c were considered as DC that had successfully differentiated from bone marrow cells. The cells positive for FITC-CD40, FITC-CD80, and FITC-CD86 were considered as DC that had undergone successful maturation. For concurrent analysis of these molecules, the mDC were stained with phycoerythrin-indotricarbocyanine (PE-Cy7)-conjugated anti-CD11c (558079; BD Biosciences), together with the FITC-conjugated anti-CD40, FITC-conjugated anti-CD80, and FITC-conjugated anti-CD86, respectively.

FITC-conjugated dextran (FITC-dextran) uptake assay {#section11-1758835920922034}
---------------------------------------------------

The iDC and mDC were either left untreated or incubated with 1 mg/ml of FITC-dextran (MW4000; Sigma) at a density of 1 × 10^6^ cells/ml in RPMI-1640 medium (Invitrogen) supplemented with 10% FBS (Gibco) and 1 × P/S (Invitrogen) for 30 min in the dark at 37°C to allow for phagocytosis or on ice to stop phagocytosis as the negative control. After incubation, the cells were washed with ice-cold PBS twice and analyzed by a BD LSRII flow cytometer (BD Biosciences). Data analysis was carried out using FlowJo software (Tree Star). The FITC-positive cells were considered as cells that had successfully phagocytosed dextran. The experiments were performed three times independently.

Detection of IL-12 production {#section12-1758835920922034}
-----------------------------

The iDC and mDC were cultured at a density of 1 × 10^6^ cells/ml in RPMI-1640 medium (Invitrogen) supplemented with 10% FBS (Gibco) and 1 × P/S (Invitrogen). After 1 day in culture, the supernatants were collected and measured by an enzyme-linked immunosorbent assay (ELISA) for IL-12 p70 using the Mouse IL-12 (p70) ELISA Set (BD Biosciences) following the manufacturer's instructions. The experiments were performed in triplicate three times independently.

T cell proliferation assay {#section13-1758835920922034}
--------------------------

To isolate T cells, spleen cells were obtained from 6-week-old C57BL/6J mice using the same procedures described previously as for bone marrow cells, followed by separation by a density gradient centrifugation with the Ficoll-Paque PLUS (density 1.077 g/ml; GE Healthcare, Uppsala, Sweden). The co-culture of DC (iDC or mDC) and T cells was carried out by placing cell culture inserts (pore size 0.4 μm; Falcon, Oxnard, CA, USA) onto each well of a 24-well plate, followed by seeding DC and T cells into the wells and inserts at a density of 2 × 10^5^ cells/well and 1 × 10^5^ cells/insert, respectively, in RPMI-1640 medium (Invitrogen) supplemented with 10% FBS (Gibco) and 1 × P/S (Invitrogen). After 3 and 6 days in culture, T cells were collected from each insert and live cells were counted immediately by a Countess Automated Cell Counter (Invitrogen). The experiments were performed in triplicate three times independently.

Cytotoxicity assay {#section14-1758835920922034}
------------------

The whole T cell suspensions were prepared from the mouse spleen with the previously mentioned procedures and were co-cultured with or without the mDC at a ratio of 10:1 in the presence or absence of anti-PD-L1 antibody (10 μg/ml). After 3 days in culture, the resulting cells were harvested and then co-cultured with the mouse hepatoma Hep-55.1C cells at a ratio of 100:1 in the presence or absence of anti-PD-L1 antibody (10 μg/ml). After 1 and 2 days in culture, five independent microscopic fields (original magnification, ×20) with the smallest coverage area of Hep-55.1C cells in each group were selected. The total coverage area of Hep-55.1C cells in the five selected fields was quantified by ImageJ software (<http://rsb.info.nih.gov/ij>) and further calculated as the coverage area of Hep-55.1C cells per field for statistical analysis. For the cytotoxicity assay of cytotoxic T cells, CD8-positive T cells were isolated from the whole T cell suspensions using the mouse CD8^+^ T Cell Isolation Kit (StemCell Technologies, Vancouver, BC, Canada) following the manufacturer's instructions. The experiments were performed three times independently.

*In vivo* administration of the DC vaccine and PD-L1 inhibitor {#section15-1758835920922034}
--------------------------------------------------------------

The DC vaccine (mDC) was prepared as described previously. The immune checkpoint inhibitor, the InVivoPlus anti-mouse PD-L1 (BP0101) monoclonal antibody that has rigorous quality control measures, was purchased from Bio X Cell (West Lebanon, NH, USA). On day 7 after tumor cell injection, the orthotopic HCC mice were randomly allocated into one of six treatment groups (six mice/group): the vehicle control, the mDC (1 × 10^6^ cells/dose), the anti-PD-L1 (100 μg/dose), the anti-PD-L1 (200 μg/dose), the mDC (1 × 10^6^ cells/dose) plus anti-PD-L1 (100 μg/dose), and the mDC (1 × 10^6^ cells/dose) plus anti-PD-L1 (200 μg/dose) treatment groups. Also, the difference in mice weight between groups was balanced to minimize the effect of subjective bias. The mDC were subcutaneously injected into the groin area (near lymph node) of mice. The anti-PD-L1 antibody was intraperitoneally injected into mice. Sterile PBS was used as the vehicle control and was injected into the control mice both subcutaneously and intraperitoneally, as well as into the mDC- and anti-PD-L1-treated mice intraperitoneally and subcutaneously, respectively. All treatments were begun on day 7 after tumor cell injection and repeated every other day for three total doses in each group of mice. After treatment, mice were followed until time of death to determine days of survival, followed by measurement of tumor volume, examination of histopathology and cell apoptosis, as well as detection of DC, cytotoxic T cells, and granzyme B-positive cells. No obvious adverse effects were observed in each treatment groups of mice.

Fluorescent immunohistochemistry (IHC) staining {#section16-1758835920922034}
-----------------------------------------------

Fluorescent IHC staining was performed as described.^[@bibr32-1758835920922034]^ Briefly, the frozen tumor tissues from each treatment group of mice were cut into 4-μm-thick sections. For staining DC, the tissue sections were incubated with the primary antibody FITC-conjugated anti-CD11c (553801; BD Biosciences). For staining cytotoxic T cells, the tissue sections were incubated with the primary antibodies anti-CD3 (ab16669; Abcam, Cambridge, UK) together with anti-CD8 (MA5-13473; Invitrogen), followed by the secondary antibodies Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008; Invitrogen) together with Alexa Fluor 555-conjugated goat anti-mouse IgG (A-21424; Invitrogen). For staining granzyme B, the tissue sections were incubated with the primary antibody anti-granzyme B (ab4059; Abcam), followed by the secondary antibody Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008; Invitrogen). DAPI (4', 6-diamidino-2-phenylindole; Invitrogen) was used to stain the nuclei. Five independent microscopic fields (original magnification, ×40) with the most abundant DC, cytotoxic T cells, or granzyme B-positive cells in tumor tissues of each mouse were selected. The total number of DC, cytotoxic T cells, or granzyme B-positive cells in the five selected fields of each mouse was counted manually and further calculated as the number of DC, cytotoxic T cells, or granzyme B-positive cells per field for statistical analysis.

*In situ* detection of cell apoptosis {#section17-1758835920922034}
-------------------------------------

The frozen tumor tissues from each treatment group of mice were cut into 4-μm-thick sections. Cells undergoing apoptosis in the tissue sections were visualized with the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling (TUNEL) method by using the *in situ* Cell Death Detection Kit, Fluorescein (Roche, Mannheim, Germany) according to the manufacturer's instructions. Nuclei were stained with DAPI (Invitrogen). Five independent microscopic fields (original magnification, ×63) with the most abundant apoptotic cells in tumor tissues of each mouse were selected. The total number of apoptotic cells in the five selected fields of each mouse was counted manually and further calculated as the number of apoptotic cells per field for statistical analysis.

Statistical analysis {#section18-1758835920922034}
--------------------

The significance of the difference between iDC and mDC in their capacity to uptake dextran, produce IL-12, and stimulate T cell proliferation, as well as between different treatment groups of T cells in their capacity to kill HCC cells was determined by unpaired *t*-test. Data were represented as the mean with the standard error of the mean (SEM) error bar of three independent experiments. The significance of the difference of overall survival time between different treatment groups of mice was determined by Mantel--Cox log-rank test. The significance of the difference between different treatment groups of mice in tumor volume-to-body weight ratio as well as DC, cytotoxic T cell, granzyme B-positive cell, or apoptotic tumor cell number per field was determined by one-way ANOVA followed by Tukey's multiple comparisons test. A *p* value \< 0.05 was considered significant (^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001).

Results {#section19-1758835920922034}
=======

The orthotopic HCC mice developed tumors in liver and died about 32--38 days after inoculation of tumor cells {#section20-1758835920922034}
-------------------------------------------------------------------------------------------------------------

The orthotopic HCC mouse model was established as described in the Methods section ([Figure 1a](#fig1-1758835920922034){ref-type="fig"} and [b](#fig1-1758835920922034){ref-type="fig"}). As shown in [Figure 1(c)](#fig1-1758835920922034){ref-type="fig"}, the orthotopic HCC mice (Hep-55.1C mice, *n* = 6) had mean and median survival times of 36 (SEM, 1.00) and 36.5 (range, 32--38) days, respectively, after inoculation of the tumor cells. When mice died, HCC tumors were observed to be orthotopically developed in the liver of all six mice. The ratio \[mean ± SEM (median, range)\] of tumor volume to body weight was 215.90 ± 11.02 mm^3^/g (217.3, 178.4--248.5; [Figure 1d](#fig1-1758835920922034){ref-type="fig"}). Also, the tumor histopathology was evaluated by H&E staining, showing a pattern resembling a poorly differentiated human HCC ([Figure 1e](#fig1-1758835920922034){ref-type="fig"}).

![Establishment and validation of the orthotopic HCC mouse model. (a) To establish an orthotopic HCC mouse model, the mouse hepatoma Hep-55.1C cells were directly injected into the left liver lobe of the mice undergoing midline laparotomy. The regions indicated with green dashed lines are magnified in the lower panel. The site of cell injection is indicated with green circles. (b) When mice died, tumors were observed to be developed orthotopically in the liver of mice following midline laparotomy. The regions indicated with green dashed lines are magnified in the lower panel. The orthotopic tumors are indicated with green arrows. (c) and (d) Graphs showing the survival time and tumor volume-to-body weight ratio in the orthotopic HCC mice (*n* = 6). The horizontal lines represent the mean values. The mean ± SEM and median (range) values are shown below each graph. (e) Tumor histopathology by H&E staining. Black dashed lines define the regions of tumor and non-tumor parts in the liver tissue. Original magnification, ×20. Scale bar, 100 μm.\
HCC, hepatocellular carcinoma; H&E, hematoxylin and eosin.](10.1177_1758835920922034-fig1){#fig1-1758835920922034}

The HCC cell lysate-pulsed mDC displayed appropriate morphology and phenotypes {#section21-1758835920922034}
------------------------------------------------------------------------------

The mDC were generated as described in the Methods section ([Figure 2a](#fig2-1758835920922034){ref-type="fig"}). As shown in [Figure 2(b)](#fig2-1758835920922034){ref-type="fig"}, compared with day 1 of culture, the cells increased gradually and began to form colonies in the suspension on day 3. On day 6 of culture, the cell volume apparently enlarged and the suspended cells began to form dendritic protrusions, a classical dendritic cell morphology, becoming the iDC. Following incubation with Hep-55.1C tumor cell lysate and LPS for another day (day 7), the iDC matured into the mDC with the further elongated dendritic protrusions.

![Generation and morphological and phenotypical characterization of the mDC. (a) A schematic diagram illustrating the generation of the mDC from mouse bone marrow. The iDC expressed high levels of CD11c but low levels of CD40, CD80, and CD86 compared with the mDC expressing high levels of these four molecules. (b) Cell morphology examined by inverted phase-contrast microscopy. Black arrows indicate the dendritic protrusions of the suspended cells. Scale bar is shown in the bottom right corner of each image. Original magnification, ×20 (Day 1 and Day 3); ×40 (Day 6 and Day 7). (c) Representative result of flow cytometry analysis of the expression of the DC surface markers, including CD11c, CD40, CD80, and CD86 on the iDC and mDC. For the detection of each marker, the iDC and mDC were either stained with antibodies of each marker (orange and red solid curves, respectively) or isotype-matched control antibodies (cyan solid curves) or remained unstained (black solid curves). The stained cells whose FITC intensity was higher than that of the cells stained with isotype-matched control antibodies were considered as the cells positive for the indicated markers. The number of the cells expressing the indicated markers was calculated as the percentage of all analyzed cells and is shown in the upper right corner of each graph.\
DC, dendritic cells; FITC, fluorescein isothiocyanate; HCC, hepatocellular carcinoma; iDC, immature DC; LPS, lipopolysaccharide; mDC, mature DC.](10.1177_1758835920922034-fig2){#fig2-1758835920922034}

To evaluate the phenotypes of the mDC, flow cytometry was performed to analyze the expression of the DC surface markers, including the identity marker CD11c and the maturation markers CD40, CD80, and CD86. As shown in [Figure 2(c)](#fig2-1758835920922034){ref-type="fig"} and [Figure S1](http://journals.sagepub.com/doi/suppl/10.1177/1758835920922034), the iDC expressed high levels of CD11c but low levels of CD40, CD80, and CD86 compared with the mDC expressing high levels of these four molecules individually. Moreover, mDC concurrently expressed high levels of CD11c, CD40, CD80, and CD86 ([Figure S2](http://journals.sagepub.com/doi/suppl/10.1177/1758835920922034)). The data indicated that the mDC we prepared had high purity and maturity.

The mDC exhibited optimal maturation with reduced uptake of antigen and increased capacity to produce IL-12 and promote T cell proliferation {#section22-1758835920922034}
--------------------------------------------------------------------------------------------------------------------------------------------

The DC maturation process is associated with a loss of the capacity of DC to uptake antigens.^[@bibr12-1758835920922034]^ To compare the antigen uptake capacity between the iDC and mDC, the cells were incubated with FITC-dextran, followed by flow cytometry analysis. As expected, the mDC exhibited significantly decreased levels of FITC-dextran uptake compared with the iDC (mean ± SEM, 2.60 ± 0.34 *versus* 20.27 ± 1.09%; *p* \< 0.001; [Figure 3a and b](#fig3-1758835920922034){ref-type="fig"}, and [Figure S3](http://journals.sagepub.com/doi/suppl/10.1177/1758835920922034)).

![Functional characterization of the mDC. (a) For antigen uptake assay, the iDC and mDC were either remained untreated (black solid curves) or incubated with FITC-dextran at 37°C (red solid curves) or on ice (cyan solid curves), followed by flow cytometry analysis. The dextran-treated cells whose FITC intensity at 37°C was higher than that on ice were gated and considered as the cells with the capacity to uptake dextran. Shown are the representative results of three independent experiments. (b) The frequency of the cells positive for FITC-dextran was calculated as the percentage of all analyzed cells. Data represents the mean with SEM error bars of three independent experiments. ^\*\*^*p* \< 0.01. (c) IL-12 production by the iDC and mDC. The concentration of IL-12 in the culture supernatants of the iDC and mDC was measured by ELISA and is expressed as the mean with SEM error bars of three independent experiments. ^\*\*\*^*p* \< 0.001. (d) T cell proliferation induced by the iDC and mDC. After co-culture of T cells with the iDC or mDC in cell culture wells, the number of T cells in cell culture inserts was counted on day 3 and day 6 and is shown as the mean with SEM error bars of three independent experiments. ^\*\*^*p* \< 0.01.\
DC, dendritic cells; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein isothiocyanate; iDC, immature DC; mDC, mature DC.](10.1177_1758835920922034-fig3){#fig3-1758835920922034}

Mature DC can synthesize high levels of IL-12, which mediates the activation and proliferation of T cells during the engagement between DC and T cells.^[@bibr11-1758835920922034]^ Next, we assessed the capacities of the mDC to secrete IL-12 and stimulate T cell proliferation. As shown in [Figure 3(c)](#fig3-1758835920922034){ref-type="fig"}, IL-12 concentrations were significantly elevated in the culture supernatants of the mDC compared with the iDC (mean ± SEM, 5078.0 ± 73.7 *versus* 166.3 ± 25.7 pg/ml; *p* \< 0.001). When co-cultured with T cells, the number of live T cells was significantly enhanced by the mDC compared with the iDC on both day 3 (mean ± SEM, 89.5 ± 4.5 × 10^2^ *versus* 8.7 ± 0.2 × 10^2^ cells; *p* = 0.0031) and day 6 (mean ± SEM, 170 ± 10.0 × 10^2^ *versus* 11.0 ± 2.0 × 10^2^ cells; *p* = 0.0041; [Figure 3d](#fig3-1758835920922034){ref-type="fig"}). No difference was observed in the number of dead T cells between these two co-culture groups (data not shown). Collectively, these results indicated that the mDC we prepared had optimal maturation and functions.

Combination treatment with the mDC and PD-L1 inhibitor induced a stronger cytotoxic T cell-mediated cytotoxicity against HCC cells than either treatment alone {#section23-1758835920922034}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

To ascertain the efficacy of the mDC combined with PD-L1 inhibitor in triggering T cell-mediated cytotoxicity against HCC cells, T cells were co-cultured with or without the mDC in the presence or absence of anti-PD-L1 antibody, followed by co-culture with the mouse hepatoma Hep-55.1C cells over 2 days. As shown in [Figure 4(a)](#fig4-1758835920922034){ref-type="fig"} and [(b)](#fig4-1758835920922034){ref-type="fig"}, T cells pre-treated with the mDC and anti-PD-L1 exhibited a stronger efficacy in killing Hep-55.1C cells than those pre-treated with either the mDC or anti-PD-L1 alone on day 2 after co-culture. To further verify whether cytotoxic T cells mediate the cytotoxicity of the mDC combined with PD-L1 inhibitor against HCC cells, CD8-positive T cells were isolated from the whole T cell suspension for the cytotoxicity assay in Hep-55.1C cells. As shown in [Figure 4(a)](#fig4-1758835920922034){ref-type="fig"} and [(b)](#fig4-1758835920922034){ref-type="fig"}, CD8-positive T cells pre-treated with the mDC and anti-PD-L1 could induce a similar level of cytotoxicity against Hep-55.1C cells to the whole T cell suspension pre-treated with the mDC and anti-PD-L1, suggesting that cytotoxic T cells was the major subtype of T cells contributing to the cytotoxicity of the mDC combined with PD-L1 inhibitor against HCC cells.

![Verification of cytotoxicity of the mDC either alone or combined with PD-L1 inhibitor treatment against HCC cells. (a) Cytotoxicity assay of the T cells and CD8-positive (CD8^+^) T cells pre-treated with or without the mDC in the presence or absence of anti-PD-L1 antibody for Hep-55.1C cells on day 1 and 2 after co-culture. Day 0 indicated the day before co-culture of T cells and Hep-55.1C cells. Shown are representative images of each treatment group. Original magnification, ×20. Scale bar, 50 μm. (b) Graph showing the coverage area of Hep-55.1C cells per microscopic field for each treatment group over 2 days of co-culture with T cells. Data represents the mean with SEM error bars of three independent experiments and were relative to the control group (set as 100). The statistical results, shown above each column of treatment group, were compared with the control group on each day. The statistical significance between selected treatment groups was also analyzed.\
DC, dendritic cells; HCC, hepatocellular carcinoma; mDC, mature DC.\
^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001.](10.1177_1758835920922034-fig4){#fig4-1758835920922034}

Combination treatment with the DC vaccine and PD-L1 inhibitor led to longer overall survival and smaller tumor volume than either treatment alone in the orthotopic HCC mice {#section24-1758835920922034}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To evaluate the efficacy of the DC vaccine combined with PD-L1 inhibitor for the treatment of HCC, the orthotopic HCC mice (6 mice/group) were administered with three total doses of the mDC (1 × 10^6^ cells/dose) and/or anti-PD-L1 antibody (100 or 200 μg/dose) at 1-day intervals and were followed for survival ([Figure 5a](#fig5-1758835920922034){ref-type="fig"}). As shown in [Figure 4(b)](#fig4-1758835920922034){ref-type="fig"}, the groups of mice treated with the mDC or anti-PD-L1 had signifi-cantly improved overall survival compared with the control group of mice \[mean ± SEM (median, range); mDC (1 × 10^6^ cells/dose), 44.33 ± 0.95 days (44.0, 42--48), *p* = 0.0010; anti-PD-L1 (100 μg/dose), 44.17 ± 2.30 days (46.0, 35--50), *p* = 0.0095; anti-PD-L1 (200 μg/dose), 46.33 ± 0.71 days (45.5, 45--49), *p* = 0.0010\]. At 38 days after treatment, all mice in the control group had died, whereas almost all of mice treated with the mDC or anti-PD-L1 (low or high dosage) were still alive and had the longest survival times of about 48--50 days. However, no significant difference in overall survival was observed between these treatment groups of mice.

![Evaluation of survival time of the orthotopic HCC mice after treatment of DC vaccine either alone or combined with PD-L1 inhibitor. (a) Schematic timeline of the mDC and/or anti-PD-L1 treatment schedule in the orthotopic HCC mice. 8-week-old C57BL/6J male mice were injected with Hep-55.1C tumor cells on day 0. Treatment was started on day 7 after tumor cell injection and performed at 1-day intervals for a total of three doses. After treatment, all mice were followed until death to determine survival times. (b) Kaplan--Meier survival curves of the orthotopic HCC mice following treatment with the mDC (1 × 10^6^ cells/dose) and/or anti-PD-L1 (100 or 200 μg/dose). The cumulative survival rate was plotted against days after tumor cell injection. The overall survival in each group of mice (*n* = 6) is shown as mean ± SEM and median (range) in days. The significance of the difference of overall survival between different treatment groups of mice was analyzed and compared with the control group of mice. The significance of the difference of overall survival between single and combined treatment groups was also analyzed and is shown in the lower left corner of the survival plot. A *p* value \< 0.05 was considered significant.\
DC, dendritic cells; HCC, hepatocellular carcinoma; mDC, mature DC; vs, *versus*.](10.1177_1758835920922034-fig5){#fig5-1758835920922034}

Remarkably, combination treatment with the mDC and anti-PD-L1 could considerably further prolong overall survival of mice compared with either treatment alone \[mean ± SEM (median, range); mDC + anti-PD-L1 (100 μg/dose), 50.17 ± 1.74 days (50.5, 44--56), *p* = 0.0106 *versus* mDC (1 × 10^6^ cells/dose) and 0.0456 *versus* anti-PD-L1 (100 μg/dose); mDC + anti-PD-L1 (200 μg/dose), 59.83 ± 5.87 days (53.5, 49--86), *p* = 0.0005 *versus* mDC (1 × 10^6^ cells/dose) and 0.0010 *versus* anti-PD-L1 (200 μg/dose)\] ([Figure 5b](#fig5-1758835920922034){ref-type="fig"}). The longest survival times of mice were extended from about 48 to 50 days by the mDC (1 × 10^6^ cells/dose) or anti-PD-L1 (100 or 200 μg/dose) single treatment to 56 days by the mDC + anti-PD-L1 (100 μg/dose), and further to 86 days by the mDC + anti-PD-L1 (200 μg/dose) combined treatment, suggesting that the mDC combined with anti-PD-L1 treatment increased overall survival of mice in a dose-dependent manner, though no significant difference was observed between the mDC + anti-PD-L1 (100 μg/dose) and mDC + anti-PD-L1 (200 μg/dose) treatment (*P* = 0.1835).

Furthermore, the growth of HCC tumors in the liver of each treatment group of mice was also examined when mice died ([Figure 6](#fig6-1758835920922034){ref-type="fig"}). As shown in [Figure 7](#fig7-1758835920922034){ref-type="fig"}, in support of the result of mice survival, the groups of mice treated with the mDC or anti-PD-L1 had significantly decreased tumor volume compared with the control group of mice \[mean ± SEM (median, range); mDC (1 × 10^6^ cells/dose), 128.10 ± 26.97 mm^3^/g (115.6, 64.7--244.7), *p* = 0.0393; anti-PD-L1 (100 μg/dose), 128.60 ± 26.92 mm^3^/g (131.6, 48.0--200.2), *p* = 0.0411; anti-PD-L1 (200 μg/dose), 106.80 ± 20.59 mm^3^/g (101.8, 43.1--195.8), *p* = 0.0059\]. However, no significant difference in tumor volume was observed between these treatment groups of mice.

![Examination of HCC tumor growth in the liver of each treatment group of mice. Tumor growth in the liver of the orthotopic HCC mice following treatment with the mDC (1 × 10^6^ cells/dose) and/or anti-PD-L1 (100 or 200 μg/dose). Six mice (denoted as \#1 to \#6) were used in each treatment group. The tumors are indicated with black arrows.\
DC, dendritic cells; HCC, hepatocellular carcinoma; mDC, mature DC.](10.1177_1758835920922034-fig6){#fig6-1758835920922034}

![Evaluation of HCC tumor volume in the liver of each treatment group of mice. Graph showing the ratio of tumor volume to body weight in the orthotopic HCC mice following treatment with the mDC (1 × 10^6^ cells/dose) and/or anti-PD-L1 (100 or 200 μg/dose). The horizontal lines represent the mean values. The tumor volume-to-body weight ratio in each group of mice (*n* = 6) was shown as mean ± SEM and median (range). The significance of the difference of tumor volume-to-body weight ratio between different treatment groups of mice was analyzed and compared with the control group of mice. The significance of the difference of tumor volume-to-body weight ratio between single and combined treatment groups was also analyzed and is shown in the upper right corner of the graph. A *p* value \< 0.05 was considered significant.\
DC, dendritic cells; HCC, hepatocellular carcinoma; mDC, mature DC; vs, *versus*.](10.1177_1758835920922034-fig7){#fig7-1758835920922034}

Consistently, combination treatment with the mDC and anti-PD-L1 could lead to considerably smaller tumor volume of mice than either treatment alone \[mean ± SEM (median, range); mDC + anti-PD-L1 (100 μg/dose), 67.67 ± 17.47 mm^3^/g (46.1, 39.1--146.8), *p* = 0.2833 *versus* mDC (1 × 10^6^ cells/dose) and 0.2746 *versus* anti-PD-L1 (100 μg/dose); mDC + anti-PD-L1 (200 μg/dose), 14.32 ± 5.83 mm^3^/g (11.1, 0.2--32.9), *P* = 0.0038 *versus* mDC (1 × 10^6^ cells/dose) and 0.0264 *versus* anti-PD-L1 (200 μg/dose)\] ([Figure 7](#fig7-1758835920922034){ref-type="fig"}). The significant difference in tumor volume between single and combination treatment was shown in the mDC combined with high dosage rather than low dosage of anti-PD-L1, suggesting that the mDC combined with anti-PD-L1 treatment decreased tumor volume of mice in a dose-dependent manner; however, the difference between the mDC + anti-PD-L1 (100 μg/dose) and mDC + anti-PD-L1 (200 μg/dose) treatment did not reach statistical significance (*p* = 0.4151). The tumor histopathology was also examined by H&E staining, though no obvious difference was found between different groups of mice ([Figure S4](http://journals.sagepub.com/doi/suppl/10.1177/1758835920922034)).

Combination treatment with the DC vaccine and PD-L1 inhibitor induced a higher level of tumor cell apoptosis than either treatment alone in the orthotopic HCC mice through triggering an increased infiltration of tumoricidal cytotoxic T cells {#section25-1758835920922034}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To elucidate the therapeutic basis of the DC vaccine combined with PD-L1 inhibitor for HCC, the infiltration of DC and cytotoxic T cells in tumors of each treatment group of mice was examined by fluorescent IHC staining. As shown in [Figures S5, S6, S7, and S8](http://journals.sagepub.com/doi/suppl/10.1177/1758835920922034), compared with the control group of mice, the levels of CD11c-positive and CD3/CD8 double-positive cells in tumor tissues were apparently higher in the groups of mice treated with the mDC either alone or combined with anti-PD-L1 than the other groups without mDC treatment \[mean ± SEM (median, range); mDC (1 × 10^6^ cells/dose), 93.83 ± 14.54 cells/field (79.0, 64--149), *p* \< 0.0001, 121.80 ± 19.93 cells/field (124.5, 38--180), *p* \< 0.0001; anti-PD-L1 (100 μg/dose), 18.67 ± 3.13 cells/field (20.5, 9--28), *p* = 0.9474, 10.67 ± 1.92 cells/field (9.5, 7--20), *p* = 0.9965; anti-PD-L1 (200 μg/dose), 31.33 ± 5.70 cells/field (33.5, 10--47), *p* = 0.5339, 12.00 ± 2.19 cells/field (11.5, 5--19), *p* = 0.9728; mDC + anti-PD-L1 (100 μg/dose), 105.30 ± 9.29 cells/field (107.0, 78--131), *p* \< 0.0001, 86.83 ± 17.31 cells/field (73.0, 38 to 156), *p* = 0.0069; mDC + anti-PD-L1 (200 μg/dose), 130.70 ± 18.92 cells/field (124.0, 82 to 186), *p* \< 0.0001, 108.50 ± 22.34 cells/field (119.0, 25--174), *p* = 0.0004, respectively\], suggesting that administration of the DC vaccine could trigger an increased infiltration of tumor-specific DC and cytotoxic T cells. However, there was no obvious difference in DC and cytotoxic T cell infiltration between the mDC (1 × 10^6^ cells/dose), mDC + anti-PD-L1 (100 μg/dose), and mDC + anti-PD-L1 (200 μg/dose) groups.

Furthermore, the level of cell apoptosis in tumors of each treatment group of mice was also assessed by the TUNEL assay ([Figure 8](#fig8-1758835920922034){ref-type="fig"}). As shown in [Figure 8](#fig8-1758835920922034){ref-type="fig"}, the groups of mice treated with the mDC or anti-PD-L1 had a significantly increased number of apoptotic tumor cells compared with the control group of mice, though the anti-PD-L1 treatment showed statistical significance only at high dosage \[mean ± SEM (median, range); mDC (1 × 10^6^ cells/dose), 30.67 ± 2.51 cells/field (31.5, 21 to 39), *p* \< 0.0001; anti-PD-L1 (100 μg/dose), 14.67 ± 1.11 cells/field (14.5, 11--19), *p* = 0.1817; anti-PD-L1 (200 μg/dose), 37.33 ± 2.72 cells/field (38.5, 25--44), *p* \< 0.0001\]. A significant difference in tumor cell apoptosis was also observed between the mDC (1 × 10^6^ cells/dose) and anti-PD-L1 (100 μg/dose; *p* = 0.0032) as well as anti-PD-L1 (100 μg/dose) and anti-PD-L1 (200 μg/dose; *p* \< 0.0001).

![Assessment of cell apoptosis in tumors of each treatment group of mice. Apoptotic cells in tumors of the orthotopic HCC mice following treatment with the mDC (1 × 10^6^ cells/dose) and/or anti-PD-L1 (100 or 200 μg/dose) were visualized by TUNEL assay, as revealed by green nuclei. Counterstaining of apoptotic nuclei (green in color) with DAPI (blue in color) appeared cyan and is indicated by white arrows. Shown are representative results of six mice (denoted as \#1 to \#6) in each treatment group. Original magnification, ×63. Scale bar, 50 μm.\
DAPI, 4', 6-diamidino-2-phenylindole; DC, dendritic cells; HCC, hepatocellular carcinoma; mDC, mature DC; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-labeling.](10.1177_1758835920922034-fig8){#fig8-1758835920922034}

Moreover, combination treatment with the mDC and anti-PD-L1 could induce a prominently higher number of apoptotic tumor cells than either treatment alone \[mean ± SEM (median, range); mDC + anti-PD-L1 (100 μg/dose), 33.83 ± 3.21 cells/field (32.5, 24--45), *p* = 0.9613 *versus* mDC (1 × 10^6^ cells/dose) and 0.0003 *versus* anti-PD-L1 (100 μg/dose); mDC + anti-PD-L1 (200 μg/dose), 61.17 ± 4.07 cells/field (11.1, 0.2--32.9), *p* \< 0.0001 *versus* either mDC (1 × 10^6^ cells/dose) or anti-PD-L1 (200 μg/dose)\] ([Figure 9](#fig9-1758835920922034){ref-type="fig"}). The group of mice treated with mDC + anti-PD-L1 (200 μg/dose) exhibited a significantly higher level of tumor cell apoptosis than those treated with mDC + anti-PD-L1 (100 μg/dose; *p* \< 0.0001), indicating that the mDC combined with anti-PD-L1 treatment induced tumor cell apoptosis in a dose-dependent manner.

![Quantitative evaluation of apoptotic cells in tumors of each treatment group of mice. Graph showing the number of apoptotic cells per microscopic field (original magnification, ×63) in tumor tissues of the orthotopic HCC mice following treatment with the mDC (1 × 10^6^ cells/dose) and/or anti-PD-L1 (100 or 200 μg/dose). The horizontal lines represent the mean values. The number of apoptotic cells per field in each group of mice (*n* = 6) is shown as mean ± SEM and median (range). The significance of the difference of apoptotic tumor cell number per field between different treatment groups of mice was analyzed and compared with the control group of mice. The significance of the difference of apoptotic tumor cell number per field between single and combined treatment groups was also analyzed and is shown in the upper left corner of the graph. A *p* value \<0.05 was considered significant.\
DC, dendritic cells; HCC, hepatocellular carcinoma; mDC, mature DC; vs, *versus*.](10.1177_1758835920922034-fig9){#fig9-1758835920922034}

Cytotoxic T cells have been shown to exert their anti-tumor activity through releasing granules containing cytotoxic molecules such as granzyme B.^[@bibr33-1758835920922034]^ To ascertain the function of cytotoxic T cells in DC vaccine combined with anti-PD-L1 treatment, we next detected the expression level of granzyme B in tumors of each treatment group of mice by fluorescent IHC staining. As shown in [Figure S9 and S10](http://journals.sagepub.com/doi/suppl/10.1177/1758835920922034), the groups of mice treated with the mDC or anti-PD-L1 displayed a considerably elevated level of granzyme B-positive cells in tumors compared with the control group of mice; however, the group treated with low-dosage anti-PD-L1 did not reach statistical significance \[mean ± SEM (median, range); mDC (1 × 10^6^ cells/dose), 11.33 ± 1.45 cells/field (10.5, 8--18), *p* = 0.0441; anti-PD-L1 (100 μg/dose), 8.16 ± 1.47 cells/field (7.0, 5--15), *p* = 0.3323; anti-PD-L1 (200 μg/dose), 11.50 ± 1.76 cells/field (11.0, 7--17), *p* = 0.0389\]. Remarkably, combination treatment with the mDC and anti-PD-L1 induced a significantly higher number of granzyme B-positive cells in tumors than either treatment alone in a dose-dependent manner \[mean ± SEM (median, range); mDC + anti-PD-L1 (100 μg/dose), 21.17 ± 1.24 cells/field (21.0, 17--25), *P* = 0.0343 *versus* mDC (1 × 10^6^ cells/dose) and 0.0025 *versus* anti-PD-L1 (100 μg/dose); mDC + anti-PD-L1 (200 μg/dose), 36.00 ± 4.38 cells/field (33.5, 25--52), *p* \< 0.0001 *versus* either mDC (1 × 10^6^ cells/dose) or anti-PD-L1 (200 μg/dose) and 0.0005 *versus* mDC + anti-PD-L1 (100 μg/dose)\].

Discussion {#section26-1758835920922034}
==========

Although DC-based vaccine has been shown to have a favorable safety and considerable promise in treating HCC patients, the overall results of current DC vaccine clinical trials do not yet generate significant survival benefits.^[@bibr13-1758835920922034],[@bibr14-1758835920922034]^ Therefore, to develop new strategies to increase the effectiveness of DC vaccine-induced immune responses to HCC is particularly important. The blockade of PD-1/PD-L1 immune checkpoint pathway has been recently shown to enhance anti-tumor immune responses and emerged as a promising immunotherapy for HCC patients.^[@bibr28-1758835920922034][@bibr29-1758835920922034]--[@bibr30-1758835920922034]^ In this study, we for the first time, to the best of our knowledge, evaluated the therapeutic efficacy of DC vaccine combined with PD-L1 immune checkpoint inhibitor in an established orthotopic HCC mouse model. Our results suggested that combination treatment with DC vaccine and PD-L1 inhibitor might hold great potential as a novel strategy for HCC treatment.

In this study, the C57BL/6J mouse strain was chosen because it is immune-competent and has a low frequency of spontaneous cancer. There are two reasons supporting that Hep-55.1C cells are better than another mouse hepatoma Hepa1.6 cells to be used in establishing the mouse model. First, Hep-55.1C cells are much more tumorigenic than Hepa1.6 cells.^[@bibr31-1758835920922034]^ Second, Hep-55.1C cells are derived from a C57BL/6J tumor and will not induce tumor rejection when injected into the C57BL/6J mouse strain.^[@bibr34-1758835920922034]^ Moreover, the mouse model established with Hep-55.1C cells has been well characterized to develop tumors resembling a poorly differentiated human HCC with a high level of cell proliferation, fibrosis, and steatosis, as well as an increased expression of several HCC markers.^[@bibr31-1758835920922034]^ Although, compared with the model of indirect portal vein injection, not all tumors display portal vein spread, lymph node, and distant metastasis, the model of direct injection of Hep-55.1C cells into the liver lobe has been shown to be the most appropriate for the rapid development of an orthotopic single tumor nodule in the liver with an incidence of 100%.^[@bibr31-1758835920922034]^ Therefore, we apply this model in this study to evaluate the efficacy of the DC vaccine combined with PD-L1 inhibitor in the treatment of primary HCC.

Two major sources of antigens have been employed to pulse DC for the preparation of anti-tumor DC vaccine, one being whole tumor cell lysates and the other being specific tumor antigen peptides.^[@bibr15-1758835920922034][@bibr16-1758835920922034][@bibr17-1758835920922034]--[@bibr18-1758835920922034]^ Compared with the peptides derived from individual tumor antigens, whole tumor cell lysates contain a substantially larger number of antigens, allowing for developing broadly applicable, as well as patient-specific, DC vaccines.^[@bibr35-1758835920922034]^ This property may be especially important in the development of the DC vaccine against HCC when considering the extremely high tumor heterogeneity and lack of main driver oncoproteins in HCC.^[@bibr36-1758835920922034],[@bibr37-1758835920922034]^ Therefore, in this study, we chose to use whole tumor cell lysates as antigens for pulsing DC in the generation of DC vaccine. Our data showed that the DC vaccine we prepared exhibited an appropriate morphology, high purity and maturity, and optimal maturation and functions. Treatment with the DC vaccine could significantly prolong overall survival and decrease tumor volume compared with untreated control in the orthotopic HCC mice.

It has been shown that the efficacy of the DC vaccine in cancer therapy is based on the activity of DC to induce T cell activation and proliferation, promote T cell infiltration into tumor, and trigger anti-tumor immune responses to destroy tumor cells. However, several immunosuppressive mechanisms have been shown to become activated within the tumor microenvironment of HCC, facilitating HCC cells to escape anti-tumor immune responses.^[@bibr38-1758835920922034][@bibr39-1758835920922034][@bibr40-1758835920922034]--[@bibr41-1758835920922034]^ Among these mechanisms, the interaction between PD-1 and PD-L1 immune checkpoints plays a key role in preventing HCC cells from cytotoxic T cell attack.^[@bibr22-1758835920922034][@bibr23-1758835920922034]--[@bibr24-1758835920922034]^ Therefore, it is reasonable to speculate that the blockade of the PD-1/PD-L1 immune checkpoint pathway may have the potential to restore or enhance DC vaccine-induced anti-tumor immunity against HCC. In support of this notion, inhibition of PD-1/PD-L1 immune checkpoints during DC vaccination have been shown to exhibit better therapeutic effects than the DC vaccination alone in mouse models of breast cancer, melanoma, and glioblastoma.^[@bibr42-1758835920922034][@bibr43-1758835920922034][@bibr44-1758835920922034]--[@bibr45-1758835920922034]^ Moreover, multiple clinical trials are currently in progress to evaluate the efficacy of the DC-based vaccine in combination with PD-1/PD-L1 immune checkpoint inhibitors in the treatment of various types of cancers, including melanoma, non-Hodgkin lymphoma, multiple myeloma, renal cell carcinoma, glioblastoma, non-small-cell lung cancer, and colorectal cancer.^[@bibr46-1758835920922034][@bibr47-1758835920922034]--[@bibr48-1758835920922034]^ However, to date, there is no literature that addresses the therapeutic efficacy of such combination treatment in HCC. In this study, we showed that treatment with antibody blocking PD-1/PD-L1 interactions, similar to DC vaccine, could significantly increase overall survival, decrease tumor volume, and induce tumor cell apoptosis compared with untreated control in the orthotopic HCC mice. Remarkably, combination treatment with DC vaccine and PD-L1 antibody could lead to considerably longer overall survival, smaller tumor volume, and higher tumor cell apoptosis than either treatment alone through inducing a stronger anti-tumor cytotoxic T cell response.

There are some limitations to this study. One limitation concerns the *in vivo* administration route of the DC vaccine and PD-L1 inhibitor. The DC vaccine and PD-L1 inhibitor were injected into mice subcutaneously and intraperitoneally, respectively. The efficacy of other routes of administration remains to be clarified. Another limitation is related to the treatment regimen. There was only one dosage of DC vaccine being administered to mice at 1-day intervals for three total doses. Whether treatment of a higher dosage of DC vaccine combined with PD-L1 inhibitor at higher total doses lead to a better efficacy remains to be evaluated. Furthermore, the number of mice used in each treatment group was somewhat small though statistical significance was reached. In addition, besides cytotoxic T cells, nature killer cells have been linked to the anti-tumor immune responses elicited by the DC vaccine,^[@bibr49-1758835920922034]^ and have been shown to contribute to cancer immunotherapy mediated by PD-1/PD-L1 blockade.^[@bibr50-1758835920922034]^ The role of nature killer cells in the therapeutic efficacy of DC vaccine combined with PD-L1 inhibitor in HCC remains to be elucidated. Even so, this study is the first study to our knowledge to provide proof of concept that the combination of DC vaccine and PD-L1 inhibitor shows therapeutic effect on HCC in an orthotopic mouse model.

In conclusion, the results of our study demonstrated that combination therapy with DC vaccination (induction of tumor-specific immunity) and PD-1/PD-L1 immune checkpoint blockade (enhancement of anti-tumor immunity) might represent a promising strategy for the treatment of HCC. Considering the encouraging results from other cancer types, further clinical trials are worth conducting to evaluate the efficacy of such combination therapy in HCC patients.
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